Background: Chronic exposure to Cr(VI) causes cell transformation. Results: Cr(VI)-transformed cells exhibit activated EGFR, reduced ROS generation, and development of apoptosis resistance.
Hexavalent chromium (Cr(VI)) compounds are well-established lung carcinogens. Epidermal growth factor receptor (EGFR) is a tyrosine kinase transmembrane receptor that regulates cell survival, tumor invasion, and angiogenesis. Our results show that chronic exposure of human bronchial epithelial (BEAS-2B) cells to Cr(VI) is able to cause malignant cell transformation. These transformed cells exhibit apoptosis resistance with reduced poly ADP-ribose polymerase cleavage (C-PARP)
and Bax expression and enhanced expressions of Bcl-2 and BclxL. These transformed cells also exhibit reduced capacity of reactive oxygen species (ROS) generation along with elevated expression of antioxidant manganese superoxide dismutase 2 (SOD2). The expression of this antioxidant was also elevated in lung tumor tissue from a worker exposed to Cr(VI) for 19 years.
EGFR was activated in Cr(VI)-transformed BEAS-2B cells, lung tissue from animals exposed to Cr(VI) particles, and human lung tumor tissue. Further study indicates that constitutive activation of EGFR in Cr(VI)-transformed cells was due to increased binding to its ligand amphiregulin (AREG). Inhibition of EGFR
or AREG increased Bax expression and reduced Bcl-2 expression, resulting in reduced apoptosis resistance. Furthermore, inhibition of AREG or EGFR restored capacity of ROS generation and decreased SOD2 expression. PI3K/AKT was activated, which depended on EGFR in Cr(VI)-transformed BEAS-2B cells. Inhibition of PI3K/AKT increased ROS generation and reduced SOD2 expression, resulting in reduced apoptosis resistance with commitment increase in Bax expression and reduction of Bcl-2 expression. Xenograft mouse tumor study further demonstrates the essential role of EGFR in tumorigenesis of
Cr(VI)-transformed cells. In summary, the present study suggests that ligand-dependent constitutive activation of EGFR causes reduced ROS generation and increased antioxidant expression, leading to development of apoptosis resistance, contributing to Cr(VI)-induced tumorigenesis.
Hexavalent chromium compounds (Cr(VI)), 2 widely used in the industry, are well-established human lung carcinogens (1) . Epidemiological studies have shown that occupational and environmental exposure to Cr(VI) is associated with a high rate of lung cancer (2) (3) (4) . The International Agency for Research on Cancer (IARC) has classified Cr(VI) as Group 1 human carcinogens (2) . Although Cr(VI) has been identified as a human carcinogen, the molecular mechanisms of its carcinogenesis are still poorly understood.
The tyrosine-kinase epidermal growth factor receptor (EGFR, ERBB1), one of the most versatile signaling units in biology, regulates key processes of cell biology, such as proliferation, survival, and differentiation during development, tissue homeostasis, and tumorigenesis (5) . EGFR signaling is activated by binding to its ligands, resulting in homodimerization of EGFR molecules or heterodimerization with other related receptors (5) . EGFR ligands include epidermal growth factor (EGF), transforming growth factor-␣ (TGFA), amphiregulin (AREG), diphtheria toxin receptor/heparin-binding EGF-like growth factor (DTR), epiregulin (EREG), betacellulin (BTC), and epigen (EPGN) (5) . In cancer, subsequent administration of EGFR ligands caused EGFR activation of a downstream cascade, leading to un-controlled tumor proliferation (5) . Downstream signaling pathways that are activated via the EGFR include phosphorylation of PI3K/AKT (5, 6) . The PI3K/AKT pathway is an intracellular signaling pathway important in apoptosis and cancer (7) . Activation of PI3K/AKT phosphorylates and inhibits the pro-apoptotic Bcl-2 family members Bad, Bax, and caspase-9 (8) .
EGFR transactivation can be induced by many stimuli through different pathways, including ligands and mutations (5, 9) . Another mechanism of EGFR transactivation is related to reactive oxygen species (ROS) (10) . ROS regulate numerous intracellular signal transduction pathways as well as the activities of various transcription factors. Previous studies have demonstrated that ROS induce EGFR transactivation via transient inhibition of SHP-2 in cardiac fibroblasts (11, 12) .
EGFR is commonly overexpressed or mutated in non-small cell lung cancer (7, 13) . This protein is overexpressed in 40 -80% of non-small cell lung cancer (NSCLC), and a subgroup of patients with a specific mutation in its gene have a marked clinical response to EGFR tyrosine kinase inhibitors. Although it has been reported that chromium-treated cells exhibited an increased EGFR expression (14, 15) , the role of EGFR in Cr(VI)-induced tumorigenesis remains to be investigated. The present study has shown that chronic-exposure of Cr(VI) induced EGFR signaling and caused cell transformation. In transformed cells, constitutively activated EGFR suppressed ROS generation and elevated antioxidant SOD2 expression, leading to apoptosis resistance, which in turn contributes to tumorigenesis.
EXPERIMENTAL PROCEDURES
Chemicals and Laboratory Wares-Sodium dichromate dehydrate (Na 2 Cr 2 O 7 ), annexin V/propidium iodide (PI), and 5-fluorouracil (5-FU: F6627) were from Sigma. Insoluble zinc chromate particle (ZnCrO 4 4Zn(OH) 2 ) was from Alfa Aesar (Ward Hill, MA). Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), gentamicin, and L-glutamine were from Invitrogen (Carlsbad, CA). shRNAs of EGFR and SOD2 were from Origene (Rockville, MD). AREG siRNA was from Santa Cruz Biotechnology (Santa Cruz, CA). RNeasy Mini kit and plasmid prep kit were from Qiagen (Valencia, CA). M-MLV reverse transcriptase was from Promega (Madison, WI). Oligo (dT) 20 , AccuPrime TaqDNA Polymerase High Fidelity, and pGEM-T easy cloning vector were from Invitrogen. Luciferase Assay System was from Promega (Fitchburg, WI). AG1478 and LY294002 were obtained from Calbiochem (Darmstadt, Germany). 5-(and -6)-chloromethyl-2,7-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H 2 DCFDA) was from Molecular Probes (Eugene, OR). Antibodies against AREG, BTC, and control human IgG (1-001-A) were from R&D Systems (Minneapolis, MN). Antibodies against GAPDH and ␤-actin were from Santa Cruz Biotechnology. Antibody against SOD2 was from Millipore (Billerica, MA). Antibodies against AKT, pAKT Ser473 , Bax, Bcl2, EGFR, pEGFR 1068 , PI3K, pPI3K 458 , catalase, cleaved PARP, and wortmanin were from Cell Signaling Tech (Danvers, MA). Antibodies against Alexa Fluor 488 goat anti-mouse IgG1 (␥1) and Alexa Fluor 568 goat anti-rabbit IgG (HϩL) were from Invitrogen.
Cr(VI)-induced Cell Transformation-Human bronchial epithelial cells (BEAS-2B) were purchased from the American Type Culture Collection. The cells were maintained in DMEM supplemented with 10% heat-inactivated FBS and 1% penicillin-streptomycin in 10-cm dishes. After 90% of confluence, cells were treated with 0.25 M Cr(VI). The fresh medium was added for every 3 days. After 24 weeks, 1 ϫ 10 4 cells were suspended in 2 ml of culture medium containing 0.35% agar and seeded into 6-well plates with 0.5% agar base layer, and maintained in an incubator for 3 weeks. The Cr(VI)-transformed cells (BEAS-2B-Cr) from anchorage-independent colonies were picked up and continued to grow in DMEM. Passage-matched cells without Cr(VI) treatment were used as control.
Chronic Exposure of Animals to Cr(VI) Particle-6 -8 weeks old, female BALB/c mice were purchased Jackson Laboratory (Bar Harbor, MN). Endotoxin-free basic zinc chromate particle was crushed using mortar and pestle and then washed with distill water and acetone to make a size of 4.7 m and a purity of 99 -100%. Cr(VI) particle was suspended in sterile 0.9% sodium chloride solution at a concentration of 0.6 mg/ml and prepared as previously described (16) . Animals under a light anesthesia (isoflurane) were intranasally exposed to a 50 l dose of chromate or saline once a week up to 12 weeks. Lungs of animals were isolated and subject to freshly frozen and 10% formalin fixation for immunoblotting and immunohistochemistry analysis, respectively.
Patient Lung Sample Collection-Lung tumor tissue and adjacent normal tissue from a chromate worker at age of 62 were obtained during surgery at Tokushima University hospital, Tokushima, Japan. This nonsmoking worker had been exposed to a chromate (Na 2 Cr 2 O 7 , K 2 Cr 2 O 7 , CrO 3 , and Cr 2 O 3 ) producing industry at Hokkaido, Japan for 19 years. The worker was diagnosed as stage 1 (T1N0M0) squamous lung carcinoma.
Immunoblot Analysis-Cell lysates were prepared in RIPA buffer. The protein concentration was measured using Bradford Protein Assay Reagent (Bio-Rad) and 30 g of protein was separated by SDS-PAGE, and incubated with primary antibodies. The blots were then re-probed with second antibodies conjugated to horseradish peroxidase. Immunoreactive bands were detected by the enhanced chemiluminescence reagent (Amersham Biosciences).
Fluorescence Immunohistochemistry Analysis-For the cell immunohistochemistry analysis, both BEAS-2B and BEAS-2B-Cr cells were grown on chamber slides, washed with phosphate-buffered saline solution (PBS), and fixed with a 4% paraformaldehyde (PFA) solution. Then, the cells were incubated with 1% Triton X-100 followed by washing with 0.02% Tween 20. After permeabilization, cells were incubated 1 h with 0.1% Triton X-100 and 10% normal serum. Primary antibodies were added and incubated at 4°C for overnight. The cells were incubated with secondary antibody for 1 h. The slides were mounted with Vectashield mounting medium. Finally, cells were visualized using Olympus BX53 fluorescence microscope (Center valley, PA).
For the formalin-fixed lung tissue immunohistochemistry analysis, air-dried tissue sections were rinsed, blocked, and incubated primary antibody overnight. Second antibody was added for 1 h. 300 l of the diluted DAPI solution was added and incubated 2-5 min at room temperature. DAPI binds to DNA and is a convenient nuclear counterstain. The sections were mounted with an anti-fade mounting media. Olympus BX53 fluorescence microscope was used for visualization.
Hematoxylin and Eosin (HE) Staining-Mouse and patient lung tissue sections were deparaffinized, rehydrated, and rinsed, then hematoxylin was added. After rinsing and decolorization, the sections were counterstained in eosin and mounted with cytoseal. The sections were visualized using Olympus BX53 fluorescence microscope.
Sequencing of the EGFR Gene-RNA was isolated from BEAS-2B and BEAS-2B-Cr cells using the RNeasy mini kit according to the manufacturer's instruction. RNA concentration was determined by spectrophotometer and then adjusted to a concentration of 200 ng/ml. 2 g of RNA was reverse transcribed by M-MLV reverse transcriptase with 0.5 g oligo (dT) 20 . The reaction mixture was incubated at 42°C for 60 min and then at 72°C for 15 min. 1 l of each cDNA was used for polymerase chain reaction (PCR). The PCR reactions were performed using AccuPrime TaqDNA Polymerase High Fidelity in a 50-l reaction volume. The primer sequences for EGFR gene were as follows: the forward primer, 5-TGTAAAACGACGGC-CAGTCCCTGGGGATCGGCCTCTTCATGCGA-3 and the reverse primer, 5-CAGGAAACAGCTATGACCATTCCAAT-GCCATCCACTTGAT-3. The cycling condition was followed: initial denaturation at 94°C for 2 min, followed by 40 cycles at 94°C for 30 s, 59°C for 30 s, 68°C for 1 min. Amplified DNAs were separated on 1% agarose gel, and the bands were visualized by ethidium bromide and photographed under ultraviolet transillumination. PCR products were subcloned into the pGEM-T easy cloning vector and sequenced. Data were analyzed using BLAST and chromatograms by manual review.
Plasmid Transfection and Stable Transfection Cells-Transfection was performed using Lipofectamine TM 2000 (Invitrogen) according to the manufacturer's protocol. Briefly, cells were seeded in 6-well culture plates and transfected with 4 g plasmid at ϳ70% confluence. Expression of transfected protein was measured by immunoblotting at 48 h of post-transfection. To make stable transfection cells with shRNA EGFR, the cells were cultured in the DMEM containing 2 g/ml puromycin. After 3 months, EGFR expression was confirmed using immunoblotting.
Real-time PCR-RNA was extracted and purified using the RNeasy mini kit. 0.5 g of RNA was reverse transcribed using qScript cDNA synthesis kit (Quanta Biosciences). Connexin primers were designed using Primer-Blast yielding the following sense and antisense sequences: hAR, 5Ј-GGC CAT TAT GCT GCT GGA T-3Ј and 5Ј-TGT GGT CCC CAG AAA ATG GT-3Ј; hBTC, 5Ј-GGG AGA TGC CGC TTC GT-3Ј and 5Ј-TGC TCC AAT GTA GCC TTC ATC A-3Ј. Values were normalized to those of the PPIA reference gene: cyclophillin A (PPIA), 5Ј-AGA CAA GGT CCC AAA GAC-3Ј and 5ЈACC ACC CTG ACA CAT AAA-3Ј. All primers were tested using standard curves with 10-fold serial dilutions. The qPCR was performed in the CFX96 Real-time PCR Detection System (BioRad) using Perfecta Sybr Green Fastmix (Quanta Biosciences), and the data analyzed with CFX Manager software (Bio-Rad).
Apoptosis Analysis-Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) double staining was used to measure percentile of apoptosis according to manufacturer's protocol. Briefly, cells were cultured with DMEM medium in 10-cm dishes. After 80 -90% confluence, the cells were treated with 20 M of Cr(VI) for 24 h. The cells were washed with PBS and digested with 0.25% trypsin/EDTA followed by re-suspension in 500 l of 1ϫ binding buffer and addition of Annexin V-FITC/PI. The apoptotic cells were measured using flow cytometry.
Luciferase Assay-AREG luciferase activity was measured using luciferase reporter assay. Both BEAS-2B and BEAS-2B-Cr cells were seeded on 12-well plates (5 ϫ 10 5 cells/well). The cells were transfected with 2 g of plasmid using Lipofectamine 2000. After 24 h of transfection, the cells were harvested for luciferase assay using Luciferase Assay System in a Glomax luminometer (Promega). Data were normalized to total protein determined by the Bradford assay.
Detection of ROS-The cells were cultured in 96-well plates with 5 ϫ 10 4 cells/well. The cells were treated with 5 M of Cr(VI) for 24 h and then incubated with DCFDA (final concentration, 10 M) for 20 min at 37°C. The cells were washed twice with PBS. Fluorescence intensity was measured using a Gemini XPS fluorescence microplate spectrofluorometer (Molecular Devices).
Neutralization of EGFR-Chromium-transformed cells were incubated in fresh DMEM medium containing antibody against AREG (5 g/ml) or BTC (5 g/ml), or control IgG (1 g/ml) for 2 h at 37°C. Whole cell lysate was harvested for immunoblotting. Expression of p-EGFR and total EGFR was examined.
Xenograft Tumor Model-6-week-old female athymic nude mice were purchased from Charles River Laboratories (Wilmington, MA). The mice were housed in sterilized filter-topped cages and maintained in a pathogen-free animal facility at the Chandler Medical Center, University of Kentucky. All animals were handled according to the Institutional Animal Care and Use Committee (IACUC) guidelines. BEAS-2B, BEAS-2B-Cr, and EGFR knockdown BEAS-2B-Cr cells (1 ϫ 10 6 cells) in 100 l of a mixture of 1ϫ DMEM and Matrigel (BD Biosciences) were subcutaneously (s.c.) injected on the left flank of each mouse. Tumors were measured using an external caliper and volume was calculated using the formula: (length ϫ width 2 )/2. After 21 days, mice were euthanized, and the tumors were harvested for Western blot analysis and immunofluorescence.
Statistical Analysis-Data were expressed as the mean Ϯ S.D. Statistical significance of differences among treatment groups were determined by Student's t test. A p Ͻ 0.05 was considered as statistically significance.
RESULTS

Activations of EGFR in Cr(VI)-transformed Cells and Cr(VI)-
exposed Animals-To investigate whether chronic exposure of Cr(VI) activates EGFR in vitro and in vivo, both BEAS-2B cells and BALB/C mice were exposed to low doses of Cr(VI) for 6 months and 3 months, respectively, as described under "Experimental Procedures." Fig. 1A shows that EGFR began to be acti-vated from 2 months of Cr(VI) exposure in BEAS-2B cells. Phosphorylation of EGFR at tyrosine1068 was much higher at the exposure duration of 4 months and 6 months than that of 2 months and 3 months. At this stage of chronic Cr(VI) exposure (6 months), the cells were malignant transformed as examined by anchorage-independent cell growth (soft agar) assay (data not shown), similar to those observation in our previous study (17) . Phosphorylation of EGFR at Tyr-1068 was highest in both two clones of transformed cells isolated from the cells exposed to Cr(VI) for 6 months compared with various durations of Cr(VI) exposure (Fig. 1B) . To explore whether Cr(VI) exposure causes activation of EGFR in vivo, BALB/c mice were nasally exposed to insoluble Cr(VI) particle (0.6 mg/ml and 1.2 mg/ml) up to 3 months. The results show that chronic chromium exposure at both 0.6 mg/ml and 1.2 mg/ml induced phosphorylation of EGFR in mouse lung tissue (Fig. 1C) . Lung tissue from control group without Cr(VI) exposure displayed normal ciliated columnar bronchial epithelial cells with 1-2 cell layers (Fig.  1D) . In contrast, lung tissues from Cr(VI) exposure animals exhibited reactive bronchial epithelial hyperplasia (up to 6 and 9 -10 cell layers at 0.6 mg/ml and 1.2 mg/ml of Cr(VI) treatment, respectively) ( Fig. 1D) . At 1.2 mg/ml Cr(VI) exposure, the ciliated columnar bronchial epithelial cells underwent squamous cells, indicating reactive process ongoing in the Cr(VI)-exposed lung. We have also examined p-EGFR expression in lung tumor and adjacent normal tissues from a patient occupa- A, BEAS-2B cells were incubated with PBS or 0.25 M of Cr(VI) for 6 months. Cells were collected for immunoblotting analysis every month of Cr(VI) exposure. B, at 6 months of Cr(VI) exposure, the cells were subjected to cell transformation (soft agar) assay. Two clones from single colony were picked up and continued to grow. These cells are considered as transformed cells (BEAS-2B-Cr). EGFR phosphorylation and total EGFR were detected by immunoblotting. C and D, female BALB/c mice were treated intranasally with either insoluble Cr (VI) (0.6 mg/ml and 1.2 mg/ml) or PBS (vehicle for the control group), once a day, 5 days/week. After 3 months, mice were euthanized using CO 2 and lung was isolated for further examination. EGFR phosphorylation and total EGFR were detected by immunoblotting (C). Hematoxylin/eosin staining was also performed to examine general pathological analysis (D). E, formalin-fixed lung tissue slides from tumor and normal adjacency obtained from a worked exposed to Cr(VI) were used to fluorescence immunostaining with p-EGFR (green) and DAPI (nuclear control, blue). F, RNA was isolated from BEAS-2B and BEAS-2B-Cr cells. EGFR was amplified using cDNA as templates. PCR product was subcloned into the pGEM-T easy cloning vector and sequenced. Sequences of exons 18 -21 were analyzed by BLAST and chromatograms by manual review. G, mRNA level of EGFR-ligand AREG or BTC was detected by real-time RT-PCR in BEAS-2B and BEAS-2B-Cr. Data are normalized to those of GAPDH. *, p Ͻ 0.05, as compared with BEAS-2B cells. H, Expressions of AREG and BTC in BEAS-2B and BEAS-2B-Cr were analyzed by immunoblotting. I, neutralization of EGFR by its ligands AREG and BTC. BEAS-2B-Cr cells were incubated with anti-AREG or anti-BTC antibody. Expressions of p-EGFR and EGFR were examined using immunoblotting. J, BEAS-2B and BEAS-2B-Cr cells were transient transfected with the pGL3 control vector (pGL3) or AREG expression vector (pGL3 AREG). Cells were lysed, and luciferase activity assay was performed. Data were normalized to protein values. *, p Ͻ 0.05 compared with BEAS-2B cells.
tionally exposed to Cr(VI) for 19 years with diagnosis of stage 1 squamous lung carcinoma. The results show that p-EGFR was highly expressed (green fluorescence) in parenchyma of tumor lung tissue, but not in the adjacent normal tissue (Fig. 1E) . HE staining of these tissues shows normal bronchial vessel (artery) surrounded with normal pulmonary parenchymal tissue and alveolar macrophages (Fig. 1E, upper right) and a poorly differentiated non-small cell carcinoma (squamous cell carcinoma) with central tumor necrosis and cellular debris (Fig. 1E, bottom  right) . The results suggest that EGFR activation may reflect an early biomarker for Cr(VI)-induced lung damage and be involved in this process. (Fig.  1F) , indicating that activation of EGFR was caused by mechanisms other than mutation. One possibility is an increase of binding to its ligands. In mammals, canonical EGFR activation involves binding of this protein to one of seven peptide growth factors: EGF, transforming growth factor-a (TGFA), heparinbinding EGF-like growth factor (HBEGF), AREG, BTC, EREG, and EPGN (19) . We have examined the mRNA level of these ligands. The results show that mRNA levels of AREG and BTC were increased 190-fold and 90-fold in Cr(VI)-transformed cells compared with these in non-transformed ones (Fig. 1G) , respectively. mRNA levels of other ligands including TGFA, HBEGF, EREG, and EPGN in Cr(VI)-transformed cells were similar to those in normal parent ones (data not shown). To test whether increased mRNA levels of AREG and BTC in Cr(VI)-transformed cells lead to increased expressions of these two ligands at translational level, immunoblotting analysis was performed. The results show that expression of AREG at translational level was dramatically increased in Cr(VI)-transformed cells compared with that in normal parent ones, while BTC expression in Cr(VI)-transformed cells also exhibited an observable elevation (Fig. 1H) . Next, to investigate whether increased expressions of AREG and BTC are responsible for EGFR activation in Cr(VI)-transformed cells, a neutralization analysis using anti-AREG and anti-BTC antibody was performed. The result shows that incubation with anti-AREG antibody in Cr(VI)-transformed cells completely abolished phosphorylation of EGFR, while incubation with anti-BTC antibody did not alter phosphorylation of EGFR (Fig. 1I) , indicating that activation of EGFR depends on AREG in Cr(VI)-transformed cells. Thus, we anticipate that promoter activity of AREG is also increased in Cr(VI)-transformed cells. As expected, the results from luciferase assay show that AREG promoter activity is markedly elevated in Cr(VI)-transformed cells compared with that in non-transformed one (Fig. 1J) . Taking together, these results indicate that increased binding of AREG to EGFR is crucial for constitutive activation of EGFR.
AREG Ligand-dependent Activation of EGFR in Cr(VI)-transformed Cells-EGFR
mutations have been reported in the patients of lung cancer, more frequently in Asian women with adenocarcinoma who never smoke (18). Those mutations cause activation of EGFR. To examine whether activation of EGFR is caused by its mutation in Cr(VI)-transformed cells, we have performed DNA sequence analysis in the exons from 18 to 21 in which its mutations have been reported in lung cancer patients. No mutation was observed in Cr(VI)-transformed cells
Apoptosis Resistance of Cr(VI)-transformed Cells-Resis-
tance to apoptotic cell death and increased cell survival in response to genotoxic insults are key characteristics of cancer cells (20) . To test whether Cr(VI)-transformed cells develop apoptosis resistance, apoptosis assay was conducted in both non-transformed parent and Cr(VI)-transformed BEAS-2B cells. A relative high dose (20 M) of Cr(VI) treatment (24 h) causes 80 and 40% of cell apoptosis in normal non-transformed cells and Cr(VI)-transformed cells ( Fig. 2A) , respectively. Further study shows that the levels of cleaved PARP and Bax were reduced in Cr(VI)-transformed cells compared with those in non-transformed ones (Fig. 2B) . In contrast, expressions of anti-apoptotic proteins Bcl-2 and Bcl-xL were elevated, indicating that both apoptotic and anti-apoptotic proteins contribute to apoptosis resistance in Cr(VI)-transformed cells. It has been reported that short-term exposure to Cr(VI) generates reactive oxygen species (ROS), which is very important in Cr(VI)-induced carcinogenesis (17, (21) (22) (23) . Although ROS generated by Cr(VI) are responsible for Cr(VI)-induced cell transformation (16) , these species are also capable of causing apoptosis (24) . To explore the mechanisms of development of apoptosis resistance in Cr(VI)-transformed cells, we have examined ROS generation in both Cr(VI)-transformed cells and non-transformed parent cells. The capability of ROS generation of Cr(VI)-transformed cells with or without Cr(VI) treatment was much lower than that of non-transformed cells (Fig. 2C) . Cr(VI) treatment caused 30% increase of ROS generation in normal BEAS-2B cells compared with the cells without treatment, 13% increase of ROS generation was observed in Cr(VI)-transformed cells (Fig. 2C) , indicating the reduced capacity of ROS generation in Cr(VI)-transformed cells. To examine that whether apoptosis resistance in Cr(VI)-transformed cells is Cr(VI) treatment specific, 5-FU, a common used chemotherapeutic drug to treat NSCLC in clinic, was used to treat both Cr(VI)-transformed cells and non-transformed ones, apoptosis was measured. The result shows that 5-FU caused apoptosis in both Cr(VI)-transformed cells and non-transformed ones in a dose-dependent manner (Fig. 2F) . The percentile of apoptosis of Cr(VI)-transformed cells with or without 5-FU treatment was much lower than that of non-transformed cells (Fig. 2F) . Percentile of apoptosis induced by 100 M and 200 M of 5-FU in non-transformed BEAS-2B cells was 81.1% and 39.6%, respectively (Fig.  2F) . It was 19.2% and 36.3% in Cr(VI)-transformed cells (Fig.  2F) , indicating that Cr(VI)-transformed cells is much more resistance to apoptosis compared with non-transformed ones. ROS generation in Cr(VI)-transformed cells was significantly lower than that in non-transformed cells (Fig. 2G) . Antioxidants are responsible for scavenging ROS once they are produced. Among those antioxidants, superoxide dismutase (SOD) is a key one to scavenge ROS. Our result shows that expression of SOD2, a member of SOD family, was markedly increased in Cr(VI)-transformed cells (Fig. 2D) . Similar to in vitro study, results from a fluorescence immunostaining of lung tissues from a worker occupationally exposed to Cr(VI) show that SOD2 (red fluorescence) was highly expressed in the parenchyma of tumor tissue, but not in the adjacent normal tissues (Fig. 2E) . To test whether increased expression of SOD2 is responsible for apoptosis resistance of Cr(VI)-transformed cells, SOD2 was knockdown by its shRNA (Fig. 2H) . Knockdown of SOD2 substantially increased ROS generation and apoptosis compared with scramble cells (Fig. 2, I and J), suggesting that SOD2 may be a key player for the reduced ROS generation in Cr(VI)-transformed cells and reduced ROS generation is important in apoptosis resistance of those transformed cells.
Inhibition of EGFR or Its Ligand Restores Apoptosis and ROS Generation in Cr(VI)-transformed Cells-EGFR binding to its ligand results in receptor dimerization and autophosphorylation, triggering several signal transduction cascades (5).
Our results have demonstrated that activation of EGFR is dependent on its ligand AREG. To determine whether activations of EGFR and AREG contribute to apoptosis resistance and reduced ROS production in Cr(VI)-transformed cells, expression of EGFR or AREG was inhibited by transfection of its shRNA to the cells. The results show that either knockdown of AREG or EGFR increased apoptosis (Figs. 3B and 4C) in Cr(VI)-transformed cells with increased expression of apoptotic protein Bax and reduced expression of anti-apoptotic protein Bcl-2 in response to Cr(VI) treatment (Figs. 3A and 4A ). As expected, by knockdown of either EGFR or AREG, Cr(VI)-transformed cells generated more ROS upon Cr(VI) stimulation (Figs. 3C and 4E) with a decreased expression of SOD2 (Figs. 3A and 4A ).
We also treated Cr(VI)-transformed cells with EGFR tyrosine kinase inhibitor AG1478 to examine whether blockage of EGFR phosphorylation is able to increase apoptosis in Cr(VI)-transformed cells. The similar results (Fig. 4, B, D , and F) were observed as those using knockdown of EGFR and AREG. The above results suggest that an important role of EGFR and its ligand in apoptosis resistance of Cr(VI)-transformed cells and that ROS are downstream targets of EGFR. (25, 26) . The present study has investigated whether Cr(VI)-transformed BEAS-2B cells displays an activation of PI3K/AKT signaling, whether the activation of PI3K/AKT is dependent on EGFR, and whether activation of this pathway is important in apoptosis resistance of Cr(VI)-transformed cells. formed cells abolished phosphorylation of PI3K or AKT (Fig.  5A) , indicating that activation of PI3K/AKT in Cr(VI)-transformed cells is EGFR dependent. To determine whether PI3K/ AKT signaling regulates apoptosis resistance and reduced capacity of ROS generation in Cr(VI)-transformed cells, we pre-treated the cells with PI3K/AKT inhibitors wortmannin and LY294002. The results show that pre-treatment of the cells with either LY294002 or wortmannin inhibited expression of phosphorylation AKT, but not at protein level (Fig. 5B) . Inhibition of AKT by those two inhibitors significantly increased percentile of apoptosis upon Cr(VI) stimulation in Cr(VI)-transformed cells (Fig. 5C ). Further study shows that pre-treatment with LY294002 or wortmannin increased expression of apoptotic protein Bax and reduced anti-apoptotic protein Bcl-2 (Fig.  5B) . To explore whether those two PI3K inhibitors are able to restore reduced ROS generating capacity in Cr(VI)-transformed cells, DCF fluorescence intensity, reflecting H 2 O 2 generation, was measured. The results show that pre-treatment of the cells with LY294002 or wortmannin increased ROS generation with or without Cr(VI) treatment (Fig. 5D ). In addition, SOD2 expression was markedly reduced after pre-treatment of the cells with LY294002 or wortmannin (Fig. 5B) (Fig. 6A) . Silence of EGFR reduced both tumor size and frequency (3 out of 4 mice) (Fig.  6A) . Consistent with the in vitro studies, phosphorylation of EGFR, PI3K, or AKT was reduced in the EGFR silencing tumor tissues compared with that in the tumor tissues from Cr(VI)-transformed cells as evidence by both immunoblotting (Fig. 6B ) and immunofluorescence staining (Fig. 6C) . In addition, EGFR silencing tumor tissues expressed less SOD2 than that of Cr(VI)-transformed cells (Fig. 6B) .
EGFR-dependent Activation of PI3K/AKT Signaling and Its Role in Apoptosis Resistance in Cr(VI)-transformed Cells-EGFR activation targets its downstream PI3K/AKT pathway
DISCUSSION
It has been reported that more than 60% of non-small lung carcinomas (NSCLCs) have elevated expression EGFR (9). EGFR tyrosine kinase inhibitor (TKI) is widely used and is thought to be one of most effective chemotherapeutic drugs in the clinic for lung cancer patients. Mutations in tyrosine kinase (TK) domain of the EGFR gene in NSCLCs were discovered and presence of these mutations corrected with sensitivity to the EGFR inhibitor (9) . It has been reported that EGFR mRNA level was increased in BEAS-2B cells exposed to 1 M of Cr(VI) up to 8 culture passages (14) . Our previous study has demonstrated that chronic exposure of BEAS-2B cells to Cr(VI) was able to induce malignant cell transformation (17) . The present study has found that EGFR was constitutively activated in Cr(VI)-transformed BEAS-2B cells. Phosphorylation of EGFR was not present in the non-transformed passage-matched mocktreated BEAS-2B cells. Most importantly, a marked activation of EGFR in lung tumor tissue obtained from a worker occupationally exposed to Cr(VI) was observed, confirming our in vitro observation. EGFR expression was elevated starting at two months of 0.25 M Cr(VI) treatment and elevated expression of EGFR displayed a time-dependent manner up to six months, indicating that EGFR may be an early biomarker for the cells exposed to Cr(VI).
Activation of EGFR signaling might induce uncontrolled cell growth and a malignant phenotype. The two major classes of EGFR mutations are an L858R point mutation and small, inframe deletions in exon 19; both types of mutation enhance the activity and oncogenicity of EGFR (27) . These mutations induced lung adenocarcinoma in a mouse model and confer hypersensitivity to EGFR-tyrosine kinase inhibitors (EGFRTKIs) in humans (28, 29) . To investigate whether activation of EGFR is due to its mutations in Cr(VI)-transformed cells, we have examined the mutations in exons 18 and 19 by a PCRrestriction fragment length polymorphism assay, no mutation was found. Apart from EGFR mutations, overexpression of EGFR or its ligands, or co-expression of ligands and receptor might lead to an abnormal EGFR-mediated signal transduction. In the present study, we have measured all seven EGFR ligands. Only elevated expressions of AREG and BTC at transcriptional and translational levels were observed in Cr(VI)-transformed cells. Increased expression of AREG is responsible for activation of EGFR, but not BTC. Knockdown of EGFR in Cr(VI)- Redox homeostasis and signaling are associated with protein kinases and growth factor receptor activation (30) . Previous study has documented that several agents such as radiation, oxidants, and alkylating agents induce ligand-independent activation of the EGFR (31) . ROS play an essential role in EGFR signaling as an intracellular signal transducer (10) . Several studies have reported that NADPH oxidase 1 (NOX1) enhances the expression of EGFR signaling components and confers autocrine growth (32, 33) . Early hydrogen peroxide-derived NOX1 activation is required for the phosphorylation of several EGFR signaling pathways, such as c-Src/ERKs and p38/AKT (34) . The activation of EGFR components is required as a mechanism for NOX-1 to regulate its own expression and the expression of an EGFR ligand (TGF-␣) (32) . In leiomyoma smooth muscle cells, the inhibition of NOX impaired MAPK signaling activation and decreased the cell proliferation response to EGF (33) . Our previous study has reported that Cr(VI) is able to activate NOX (17) . It appears that that Cr(VI)-induced NOX activation may be one of the mechanisms for EGFR activation.
Acquired resistance to apoptosis is a critical cellular event during carcinogenesis, and disruption of apoptosis has been shown to play a major role in tumor formation and malignant progression (35) (36) (37) . When cells acquire apoptosis resistance, these cells continue to proliferate, leading to carcinogenesis.
The present study has observed that Cr(VI)-transformed cells exhibited resistance to apoptosis in response to Cr(VI) with decreased levels of C-PARP and Bax and elevated expressions of anti-apoptotic proteins Bcl-2 and Bcl-xL. To show that the apoptosis resistance in Cr(VI)-transformed cells is not specific for Cr(VI) treatment, 5-FU, a chemotherapeutic drug used in clinic, was used to treat Cr(VI)-transformed cells. The result is consistent with that treatment with Cr(VI), indicating development of apoptosis resistance of Cr(VI)-transformed cells. It has been reported that Cr(VI)-transformed cells displayed a high level of Bcl-2 with an enhanced angiogenesis and a decreased apoptosis (38) . Bcl-2 knockdown reduced the tumorigenesis of Cr(VI)-transformed cells (37) . Bcl-2 and Bcl-xL are oncogenes that inhibit apoptosis (39) . To understand the role of EGFR in resistance to apoptosis in Cr(VI)-transformed cells, we analyzed the levels of anti-apoptotic protein Bcl-2 and apoptotic protein Bax in Cr(VI)-transformed cells with knockdown of either AREG or EGFR or with tyrosine inhibitor AG1478. Inhibition of EGFR restored apoptosis in Cr(VI)-transformed cells with commitment to increase of Bax expression and reduction of Bcl-2 expression. This observation is supported by the previous report that treatment the HCC827 cells with EGFR TKIs induced apoptosis via decrease of Mcl-1 expression, an antiapoptotic protein of Bcl-2 family (40) .
Excessive amounts of ROS can cause irreversible oxidative damage to biomacromolecules, apoptosis, and cell death (12) . Therefore, maintaining ROS homeostasis at proper levels is crucial for normal cell survival, while a moderate enhancement of ROS is associated with abnormal cancer cell growth and disruption of redox homeostasis (12) . Cancer cells are usually characterized by increased antioxidant capacity (41) . Cells that survive intrinsic oxidative stress mobilize a set of adaptive mechanisms, which not only activate ROS-scavenging systems to cope with the oxidative stress, but also inhibit apoptosis (42) . It has been shown that ROS are responsible for Cr(VI)-induced apoptosis in normal non-transformed cells (24, 43) . The present study shows that, upon the chronic exposure of Cr(VI) at low dose (0.5 M), survived BEAS-2B cells obtained adaptive machinery which is believed to booster antioxidant enzymes against elevated ROS. Therefore, in both Cr(VI)-transformed cells and lung tumor tissue obtained from a worker exposed to Cr(VI) for 19 years expression of antioxidant enzyme SOD2 was increased and capacity of those cells to generate ROS was reduced. Inhibition of SOD2 by its shRNA increased ROS generation, resulting in an increase of apoptosis. These observations indicate that decreased ROS together with increased Bcl-2 and decreased Bax in Cr(VI)-transformed cells is likely to be an important factor for apoptosis resistance.
Previous studies have shown that oxidative stress led to EGFR phosphorylation, which conferred protection against oxidative stress-induced apoptosis (44 -47) . The present study hypothesizes that Cr(VI)-transformed cells increase EGFR signaling to protect against oxidative stress induced cell death. If EGFR signaling is involved in the protection of Cr(VI)-transformed cells from oxidative stress, then inhibition of EGFR activation would be expected to increase oxidative stress. As expected, either knockdown of EGFR or tyrosine kinase inhibitor AG1478 or ligand AREG restored apoptosis in Cr(VI)-transformed cells with a commitment increase in ROS generation and reduction of antioxidant enzyme SOD2 expression, indicating that increased oxidative stress contributes to cell death induced by inhibition of EGFR in Cr(VI)-transformed cells.
Activation of EGFR signaling pathway promotes EGFR-mediated prosurvival and antiapoptotic signals through downstream targets, such as PI3K-AKT, ERK, and STAT (7, 48, 49) . The PI3K/AKT pathway is switched on through activation of membrane receptors, including tyrosine-kinase receptors (RTKs), such as EGFR, HER2, IGFR-1, VEGFR, and PDGFR (50) . Activated receptor tyrosine kinases recruit to the cell membrane a complex including PI3Ks. PI3Ks phosphorylate the phosphatidylinositol (PtdIns) lipid substrates in the plasma membrane, generating PtdIns(3,4,5)P 3 , PtdIns (3,4)P 2 and PtdIns3P, which interact with multiple effector proteins and transduce the signaling from the membrane to the cytoplasm (50). Short term exposure of Cr(VI) to BEAS-2B cells activates PI3K-AKT/MAPK (15), but whether Cr(VI) utilizes EGFR to activate these pathways has not been studied. The present study has found that activation of PI3K/AKT in Cr(VI)-transformed cells was dependent on EGFR. Inhibition of PI3K/AKT by its specific inhibitors restored apoptosis in Cr(VI)-transformed cells. Bcl-2 is a known downstream target gene of PI3K/AKT (51) . Our further study shows that PI3K inhibitor LY294002 decreased SOD2, increased ROS, elevated expression of apoptotic protein Bax, and ameliorated expression of anti-apoptotic protein Bcl-2 in Cr(VI)-transformed cells. Treatment of Cr(VI)-transformed cells with both inhibitors increased ROS generation and reduced SOD2 expression, indicating dependence of PI3K/AKT on oxidative stress. Our previous study has shown that Cr(VI) is able to cause ROS generation, leading to cell transformation, and inhibition of ROS generation by overexpressing antioxidants catalase and SOD reduced cell transformation induced by Cr(VI) (17) , suggesting that ROS generation by Cr(VI) exposure is responsible for Cr(VI)-induced cells transformation, which is considered as the first stage of Cr(VI) carcinogenesis. The present study shows that after cell transformation or in the second stage of Cr(VI) carcinogenesis, however, these cells show elevated level of antioxidant enzyme and reduced ROS generation, leading to expression of Bcl-2 and Bcl-xL and apoptosis resistance of the Cr(VI)-transformed cells. This process promotes cell proliferation and tumorigenesis. Thus in the first stage of Cr(VI) carcinogenesis or cell transformation, the excess amount of ROS generated by Cr(VI) exposure is oncogenic by causing cell transformation. In the second stage of Cr(VI) carcinogenesis, once the cells were malignant transformed, the decreased capacity of ROS generation in those transformed cells is also carcinogenic by causing apoptosis resistance. The oncogenic role of ROS is further illustrated in Fig. 7 .
In summary, the present study shows that chronic exposure of BEAS-2B cells to Cr(VI) is able to cause cell malignant transformation. Cr(VI)-transformed cells exhibit apoptosis resistance. Ligand-dependent constitutive activation of EGFR was observed in Cr(VI)-transformed cells. PI3K/AKT was downstream target of EGFR signaling. The activated EGFR/PI3K/ AKT signal pathway up-regulated antioxidant enzyme, SOD and reduced cellular ROS level and increased Bcl-2 and Bcl-xL, leading to apoptosis resistance of Cr(VI)-transformed cells. The activated EGFR/PI3K/AKT signal is important in tumorigenesis of Cr(VI)-transformed cells. 
